Interferon regulatory factor 3 (IRF3), one member of the IRF family, plays a central role in induction of type I interferon (IFN) and regulation of apoptosis. Controlled activity of IRF3 is essential for its functions. During reverse transcription (RT)-PCR to clone the full-length open reading frame (ORF) of IRF3, we cloned a full-length ORF encoding an isoform of IRF3, termed as IRF3-CL, and has a unique carboxyl-terminus of 125 amino acids. IRF3-CL is ubiquitously expressed in distinct cell lines. Overexpression of IRF3-CL inhibits Sendai virus (SeV)-triggered induction of IFN-b and SeV-induced and inhibitor of NF-kB kinase-e (IKKe)-mediated nuclear translocation of IRF3. When IKKe is overexpressed, IRF3-CL is associated with IRF3. These results suggest that IRF3-CL, the alternative splicing isoform of IRF-3, may function as a negative regulator of IRF3. Keywords: interferon regulatory factor 3; negative regulation; splicing variant
INTRODUCTION
The interferon regulatory factor (IRF) family of transcriptional factors plays versatile roles in many biological processes, including innate and adaptive immune responses, cell growth control, apoptosis and hematopoietic development.
1,2 To date, nine members of the mammalian IRF family have been identified and characterized, each containing a highly conserved DNA-binding domain of ,120 amino acids (aa) at the amino terminus, and a variable carboxyl-terminal IRF association domain (IAD).
2 IRF3, one member of the IRF family, possesses a transactivation domain (aa 134-394) and two autoinhibition domains.
3 After viral infection, the latent IRF3, which resides primarily in the cytoplasm, is phosphorylated by the inhibitor of NF-kB kinase-e (IKKe) and TANK-binding kinase 1 (TBK1) and forms a homo-or heterodimer with other transcriptional factors which then translocates into the nucleus. [4] [5] [6] The activated IRF3 associates with the transcriptional cofactors cyclic AMP-responsive elementbinding protein and P300 to bind to the specific DNA targets, thus leading to transcriptional initiation of target genes with other cofactors simultaneously recruited. 7 Accumulating evidence demonstrates that IRF3 plays an essential role in the virus-or bacterium-mediated induction of interferon (IFN)-b and a subset of IFN-stimulated genes through the Toll-like receptors or the cytosolic receptors pathway. [8] [9] [10] Furthermore, IRF3 has been shown to function as a vital signaling regulator in the innate immune response, development of immune cells and apoptosis. 11 As rapid and controlled cellular responses are pivotal to host defense, the activity of IRF3 should be regulated at multiple levels.
A single gene is capable of generating multiple transcripts from a common mRNA precursor through alternative splicing, which may produce distinct protein isoforms with diverse and even antagonistic functions. Several genome-wide analyses indicate that over 50% of human genes present alternatively spliced isoforms. 12 In the past decades, various isoforms of many important signaling molecules including different IRFs have been found and functionally characterized. 13, 14 These studies demonstrate that alternative splicing plays a crucial role in regulating the functions of proteins.
In an attempt to characterize IRF3, we isolated a full-length open reading frame (ORF) from HEK293 cells encoding an isoform of IRF3, which was denoted as IRF3-CL and has a unique carboxyl-terminus of 125 aa. Our research shows that IRF3-CL is ubiquitously expressed in all cell lines tested, and functions in a dominant-negative manner to regulate virus-triggered IFN-b signaling pathway.
MATERIALS AND METHODS

Cell lines and virus
HEK293 and HeLa cells were maintained in HEPES-buffered DMEM (Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA), 100 U/ml penicillin and 100 mg/ml streptomycin. THP-1, K562 and HL60 cells were maintained in HEPES-buffered RPMI-1640 (Invitrogen) with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin. Sendai virus (SeV) was kindly provided by Dr Hanzhong Wang (Wuhan Institute of Virology, Chinese Academy of Sciences).
Plasmid construction
The cDNA fragments of IRF3 and IRF3-CL were amplified from HEK293 cells by reverse transcription (RT)-PCR using the primer pair F1 and R1 (Table 1) and confirmed by sequencing. The IRF3 and IRF3-CL ORF were individually subcloned into pEGFP-C1, pDsRedExpress-C1 (BD Sciences Clontech, Palo Alto, CA, USA), pcDNA3.1-Myc and pcDNA3.1-33Flag vectors, derived from pcDNA3.1-HisA (Invitrogen), respectively, and fused to the 59 terminal tag by standard molecular cloning procedure. The sequences of PCR primers were shown in Table 1 . The pRK-HA-IKKe and the reporter plasmid pISRE-Luc were gifts from Professor Hongbing Shu (Wuhan University). The reporter plasmid pIFN-Luc was kindly provided by Professor Reich (Stony Brook University).
Preparation of anti-IRF3-CL antiserum
The carboxyl-terminal fragment of IRF3-CL ORF, encoding the unique amino acids (327-452 aa), was amplified by PCR and subcloned into the pET-28a vector (Novagen, Madison, WI, USA) inframe to the 59 terminal His tag. The expressed His-tagged polypeptide was purified with Ni-column (Pharmacia, Piscataway, NJ, USA) from Escherichia coli BL21 strain, and then used as an antigen to produce antiserum in rabbit. The titer and specificity of the antiserum were determined by western blotting.
Infection HEK293 cells were infected with SeV (100 hemagglutinating units (HAU) per ml) in serum-free medium. After incubation for 2 h, cells were added with the same volume of medium containing 20% fetal bovine serum. After infection, cells were collected and used for various experiments.
Transfection and reporter gene assay HEK293 cells were seeded on 24-well plates and transfected the following day using FuGENE HD Transfection Reagent (Roche Diagnostics, Mannheim, Germany). In the same experiment, where necessary, the respective empty vector was used to adjust the total amount of DNA. To normalize the transfection efficiency, 0.02 mg of pRL-TK Renilla luciferase reporter plasmid was added to each transfection. Approximately 24 h after transfection, cultures were mock infected or infected with SeV (100 HAU per ml) for an additional period of 8 h before luciferase activities were measured. Luciferase assays were performed using a Dual-Specific Luciferase Assay Kit (Promega, Madison, WI, USA). All reporter assays were repeated at least three times.
Reverse transcription and quantitative real-time PCR (Q-PCR) Total RNA was extracted from cultured cells with TRIzol (Invitrogen). Q-PCR analysis was performed using the ABI StepOne Real-Time PCR system. The primers for human Ifnb (QT00203763) and the kit used for Q-PCR were purchased from Qiagen (Hamburg, Germany). The human b-actin primers (sense: 59-GAAATCGTGCGTGACATTAA-39; antisense: 59-AAGGAAGGCTGGAAGAGTG-39) were designed as control in Q-PCR. Data were normalized according to the level of b-actin expression in each sample.
Immunoprecipitation and western blot analysis HEK293 cells (1310 6 ) were transiently transfected with the corresponding plasmids. After 24 h, cells were lysed in lysis buffer (20 mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM EGTA, 1 mM Na 2 EDTA, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na 3 VO 4 , 1% Triton X-100, and a protease inhibitors cocktail (Sigma, St Louis, MO, USA)). Following the removal of insoluble materials by centrifugation, cell lysates were precleared with protein G-agarose slurry (Amersham, Piscataway, NJ, USA) and incubated with specific antibodies at 4 uC overnight. The immunoprecipitates were washed three times with lysis buffer, and proteins were removed from the protein G beads by boiling for 10 min in SDS sample buffer. The recovered proteins were separated on 10% SDS-polyacrylamide gel electrophoresis (PAGE) and electrotransferred onto a nitrocellulose membrane (Millipore, Billerica, MA, USA). Western blotting was performed using specific antibodies, and blots were developed by enhanced chemiluminescence using SuperSignal West Femo Maximum Sensitivity Substrate (Pierce, Rockford, IL, USA).
Native PAGE Native PAGE (7.5%) for detecting protein dimers was performed as described by Iwamura et al. 15 Anti-Myc monoclonal antibody (Sigma) and rabbit anti-IRF3-CL antiserum were used to detect exogenous expressed or endogenous IRF3-CL, respectively.
Fluorescence imaging HEK293 cells (1310 5 ) plated on coverslips were fixed with 4% paraformaldehyde for 20 min, permeabilized in 0.25% Triton X-100 for IRF3-CL, an isoform of IRF3, antagonizes activity of IRF3 CH Li et al 68 10 min, blocked in 10% goat serum, and incubated with anti-HA monoclonal antibody (1 : 200; Sigma) for 1 h. Secondary antibody conjugated to rhodamine (Jackson ImmunoResearch Laboratories West Grove, PA, USA) was applied at 1 : 100 dilution for 1 h. Nuclei were stained with Bisbenzimid H 33342 (Fluka, Buchs, Switzerland). Cells were examined with a laser scanning confocal microscope (Zeiss, LSM S10 META).
RESULTS
IRF3-CL is ubiquitously expressed
During RT-PCR to clone the full-length ORF of IRF3 from HEK293 cells, sequencing results revealed a different ORF. Sequence analysis indicated that this transcript used the AG, 16 nucleotides upstream of the 39 splice site for IRF3 ORF, as the 39 splice site for exon 7, leading to an addition of 16 nucleotides for exon 7 (Figure 1a) . The 16 nucleotides further resulted in a frame shift and produced a spliced isoform of 1359 nucleotides ending in a stop codon TAA (nucleotides 1357-1359) (Figure 1a and b) , which encodes a 452 aa polypeptide-termed IRF3-CL (Figure 1b) . IRF3-CL shares a common amino terminus (1-327 aa) with IRF3, but has a unique carboxyl-terminus (328-452 aa) with no homology to IRF3 carboxyl-terminus and other proteins (Figure 1b  and c) . Thus, IRF3-CL does not contain the autoinhibition element and the consensus motif SxSxxxS targeted for phosphorylation.
IRF3 is expressed ubiquitously. 1 To examine the distribution pattern of IRF3-CL, we first examined its expression at the mRNA level by RT-PCR in various cell lines and by PCR in a cDNA library. DNA sequencing results indicated that the IRF3-CL transcript could be detected both in normal Chang liver cell line and tumor cell lines such as HeLa, Huh7, HT29, and even from the adult human liver cDNA library (Invitrogen) (data not shown), suggesting its ubiquitous expression at the mRNA level. Furthermore, two full-length mRNA sequences (BC009395 and BC000660) corresponding to IRF3-CL 
IRF3-CL
from human brain and kidney tumor tissues, respectively, are found in GenBank. To confirm the expression of IRF3-CL at the protein level, anti-IRF3-CL antiserum was prepared in rabbit and used for western blotting. As shown (Figure 2) , a protein of ,55 kDa was detected in all cell lines tested suggesting the ubiquitous expression of IRF3-CL at the protein level.
IRF3-CL inhibits virus-triggered induction of IFN-b
Studies to date indicate that IRF3 plays an essential role in virusinduced transcription of Ifnb gene. 8, 11 Because IRF3-CL is an alternative splicing isoform of IRF3, which has a unique C-terminus, we investigated whether IRF3-CL functions in the regulation of virustriggered activation of IRF3. In reporter gene assays, overexpression of IRF3-CL inhibited SeV-induced activation of interferon-stimulated response element (ISRE) and the IFN-b promoter (Figure 3a and b) . 
IRF3-CL inhibits IKKe-mediated activation of ISRE and the IFN-b promoter
Previous studies indicated that kinase IKKe plays key roles in phosphorylation, activation and degradation of IRF3. 16 Coexpression of IKKe phosphorylates and activates IRF3 leading to gene expression regulated by ISRE and the IFN-b promoter. 17 To elucidate the mechanism of the negative effect of IRF3-CL on SeV-induced activation of IRF3, we examined whether IRF3-CL plays an inhibitory role in IKKemediated IFN-b signaling. The effect of IRF3-CL on the activity of the inducible elements was evaluated using the dual luciferase reporter system. As shown in Figure 4 , overexpression of IRF3-CL significantly reduced IKKe-mediated activation of ISRE and the IFN-b promoter, indicating that IRF3-CL targeted IKKe-mediated activation of IRF3.
IRF3-CL inhibits IKKe-mediated and SeV-triggered nuclear translocation of IRF3
The shuttling of IRF3 between the cytoplasm and nucleus is regulated by a nuclear localization sequence and a nuclear export sequence at the amino terminus of IRF3, thus regulating expression of the inducible genes. 18 As IRF3-CL is unique in the carboxyl-terminus compared to IRF3 and inhibits SeV-triggered and IKKe-mediated activation of IRF3 (Figures 3 and 4) , we examined its localization and the effect After infection, cells were subjected to the dual-luciferase assay. (c) After infection, total RNA was extracted and subjected to quantitative real-time PCR using the primers for human Ifnb gene. In panels a and b, data are expressed as relative folds activation to that of non-stimulated sets and are means6SEM of three independent experiments. In panel c, data shown are averages and deviations of relative mRNA from three independent experiments. *P,0.05; **P,0.01. IFN, interferon; IRF3, interferon regulatory factor-3; SeV, Sendai virus.
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CH Li et al 70 on IKKe-and SeV-induced nuclear translocation of IRF3 by visualizing the behavior of EGFP-IRF3-CL or DsRed-IRF3 with fluorescent microscopy. IRF3-CL was clearly detected in the cytoplasm, and overexpression of IKKe and infection of SeV did not induce its translocation into nucleus from cytoplasm (Figure 5a and b) , which occurs in the case of IRF3 (Figure 5c ). When IRF3-CL was overexpressed, IRF3 did not translocate from the cytoplasm into the nucleus (Figure 5d ), even at the induction by overexpression of IKKe (Figure 5e ) and infection of SeV (Figure 5f ). These observations show that overexpression of IRF3-CL inhibits IKKe-and SeV-triggered nuclear translocation of IRF3.
IRF3-CL forms a homodimer but not a heterodimer with IRF3 constitutively Structure and mutation studies indicated that the amino terminus of IRF3 plays a critical role in homodimer formation. 19, 20 Since IRF3-CL and IRF3 share a common amino terminus, we investigated whether IRF3-CL could form a homo-or a heterodimer with IRF3 constitutively. It was clear that Flag-tagged IRF3-CL was co-immunoprecipitated with Myc-tagged IRF3-CL but not with Myc-tagged IRF3 (Figure 6a) , thus indicating the association between IRF3-CL molecules, but not between IRF3-CL and IRF3. In addition, after native PAGE, two bands with sizes of 110 and 55 kDa, corresponding to the dimer and monomer, respectively, were detected from lysates of HEK293 expressing Myc-tagged IRF3-CL using an anti-Myc antibody, and from lysates of THP-1 and HEK293 expressing Myc-tagged IRF3-CL using anti-IRF3-CL antiserum, respectively (Figure 6b ). These results indicate that IRF3-CL can form a homodimer rather than a heterodimer with IRF3 constitutively.
IRF3-CL is associated with IRF3 when IKKe is overexpressed
Upon activation, IRF3 is phosphorylated leading to relief of its intramolecular autoinhibition and formation of a homo-or heterodimer.
3,8 As IRF3-CL did not interact with IRF3 constitutively (Figure 6a ) and overexpression of IRF3-CL inhibited IKKe-and SeV-induced nuclear translocation of IRF3 (Figure 5e and f) , we further investigated whether IRF3-CL is associated with the activated IRF3. As shown (Figure 7) , while IKKe was overexpressed, Myc-tagged IRF3-CL was co-immunoprecipitated with Flag-tagged IRF3. The result demonstrates that IRF3-CL interacts with IRF3 when IKKe is overexpressed.
DISCUSSION
IRF3 has been functionally characterized as a vital transcriptional factor and a key regulator in the immune response to pathogen infection and DNA damage. Different mechanisms of regulation of activity of IRF3 have been reported, including positive-feedback regulation by IRF7, 21 regulation of phosphorylation and dimerization of IRF3 by Cyclophilin B, 22 negative regulation by PIN1 to facilitate the degradation of IRF3, 23 and by SIKE to disrupt interactions of IKKe or TBK1 with TRIF, RIG-I and IRF3. 24 In addition, several splicing isoforms of IRF3, such as IRF-3a (Ref. 13 ) and IRF3-nirs3, 25 have been identified and functioned in the negative modulation of the activity of IRF3. In this study, we describe another splicing variant of IRF3 and suggest that the alternative splicing of the IRF3 primary transcript plays a key role in the fine-tuning of the activity of IRF3.
In the splicing of pre-mRNA to produce IRF3-CL, a different 39 splice site was used, which is common in aberrant splicing but different with production of IRF-3a ORF. 26 Like IRF3 and IRF-3a,IRF3-CL is also ubiquitously expressed in distinct cell lines. However, the transcript level of IRF3-CL is lower than that of IFR3, as we found that averagely one IRF3-CL cDNA clone out of nine IRF3 cDNA clones from sequencing results (data not shown), which is similar to the low ratio of IRF-3a to IRF3. 26 Several Ser/Thr residues in the unique C-terminal region of IRF3-CL were predicted to be potential phosphorylation sites, which might also account for the slightly higher weight of 55 kDa than calculated 49 kDa.
In reporter gene and Q-PCR assays, overexpression of IRF3-CL inhibits SeV-triggered and IKKe-mediated activation of ISRE and the IFN-b promoter, as well as expression of IFN-b induced by SeV infection (Figures 3 and 4) , indicating that IRF3-CL negatively regulates the activity of IRF3. Previous studies indicated that the formation of a homodimer of IRF3 is mediated by the IAD and only a portion of IAD is required.
1,3 Sharma et al. demonstrated that expression of IKKe or TBK1 induced phosphorylation of IRF3, resulting in IRF3 dimerization and translocation into the nucleus to induce transcription of target genes. 5 In our results, overexpression of IRF3-CL inhibited IKKe-and SeV-induced nuclear translocation of IRF3 and overexpression of IKKe induced the interaction of IRF3 with IRF3-CL. Thus, the activated IRF3 might be sequestered in the cytoplasm by IRF3-CL resulting in the inhibition of its nuclear translocation, then reducing its transcriptional activity. Likewise, IRF-3a inhibited activity of the IFN-b promoter through forming a heterodimer with IRF3 following virus infection, 13 suggesting the association of an isoform with IRF3 may be a common way for isoforms to negatively affect IRF3. ) were transiently transfected with the indicated luciferase reporter plasmid, an expression plasmid for IRF3-CL (filled bars) or an empty expression vector (empty bars), and an expression plasmid for IKKe or an empty expression vector. Reporter assays were performed 24 h after transfection. Data are expressed as relative folds activation to that of non-stimulated sets and are means6SEM of three independent experiments. *P,0.05; **P,0.01. IFN, interferon; IKKe, inhibitor of NF-kB kinase-e; IRF3, interferon regulatory factor-3; ISRE, interferon-stimulated response element.
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Unlike the variant IRF3-nirs3, which translocated into the nucleus upon activation, IRF3-CL is localized in the cytoplasm even with coexpression of IKKe and infection of SeV (Figure 5a and b) . Thus, it is impossible to speculate that IRF3-CL negatively regulates the activity of IRF3 through competing with IRF3 for binding to DNA, by which the other variants of IRF3 were postulated to downregulate 
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CH Li et al 72 the activity of IRF3. Since IRF3-CL was detected to be nearly colocalized with IKKe in the cytoplasm (Figure 5a ) and target IKKemediated IFN-b signaling, we speculated that IRF3-CL might compete with IRF3 for association with IKKe within the cytoplasm to reduce the activity of IRF3. Further studies will be necessary to clarify the precise mechanism. 
